Pancreatic β cells synthesize, store, and secrete insulin in response to appropriate environmental cues. The classic paradigm, as originally proposed by Matschinsky (1) , holds that the products of glucose metabolism in β cells control insulin production and release. In recent years, this view has been broadened to include signaling by receptor tyrosine kinases as part of the β cell sensing mechanism, impinging on such diverse functions as insulin release and cellular proliferation (2) .
Regulation of β cell mass
Of special interest in this context are mechanisms controlling the adaptation of β cell mass to preserve adequate insulin production. β cell mass results from a dynamic balance of neogenesis, proliferation, and apoptosis (3). Neogenesis of β cells occurs from progenitor cells arising from pancreatic ducts, but the mechanism behind this longstanding observation (4) remains largely unknown (5) . β cells can also proliferate in physiologic (growth, pregnancy) and disease conditions (obesity, insulin resistance).
Since alterations of β cell mass can precede the onset of hyperglycemia, I favor the view that initial changes occur independently of glucose concentrations and are mediated by humoral factors (6) . However, it would be virtually impossible to exclude the possibility that transient oscillations in glucose levels, occurring prior to the onset of overt hyperglycemia, are sufficient to jump-start β cell growth. Alternatively, glucose may have a permissive effect, as suggested by the work of Rhodes and colleagues , and may act in concert with growth factors to stimulate β cell proliferation (7) .
An article in this issue of the JCI (8) and one in the October issue of Nature Medicine (9) report the generation of transgenic mice overexpressing a constitutively active form of the serine/threonine kinase Akt, an important mediator of insulin action. In both instances, the mutant kinase increased β cell mass eight-to tenfold, resulting in increased insulin sensitivity and protection from diabetes caused by the β cell toxin streptozotocin. It is not completely clear how the mutant Akt increased β cell mass. Both reports demonstrate a striking increase in cell size (two-to threefold). Nonetheless, the cellular hypertrophy is insufficient to account for the overall increase in mass. Bernal-Mizrachi et al. (8) ascribe the residual increase to increased proliferation -at least in the postpubertal phase -whereas Tuttle et al. (9) fail to detect changes in proliferation and report a paradoxical increase in apoptosis rates. In the end, both groups suggest that Akt increased neogenesis, a notoriously hard parameter to quantify. Without discounting methodological differences that may account for apparent discrepancies between the two reports, it bears emphasizing that regulation of β cell mass is a genetically heterogeneous process, so that, in different experimental conditions, the relative contributions of neogenesis, replication, and apoptosis are likely to vary.
Making progress, one gene at a time Clearly, the observation that increasing Akt activity increases β cell mass does not constitute proof that Akt is the physiologic mediator of β cell growth. However, the findings add one more component to the pathway required for β cell neogenesis and proliferation. Other components include Irs-2, an important mediator of insulin action whose ablation impairs β cell growth (10, 11) . Ablation of p70 s6k1 , an Akt substrate, is associated with decreased β cell size (12) . Thus, signals upstream and downstream of Akt control β cell size and growth, making it extremely plausible that Akt itself relays those signals. Loss-of-function experiments should now be car-
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Figure 1
Regulation of β cell function by tyrosine kinase pathways. There is evidence for participation of tyrosine kinase signaling in different β cell functions. Interestingly, activation of PI 3-kinase is thought to be important for cell size control, neogenesis and proliferation, apoptosis, and insulin synthesis or secretion. However, the pathways activated by PI 3-kinase appear to diverge, with Akt contributing to growth and size control but not to insulin secretion. It is unclear how PI 3-kinase signaling is linked to insulin synthesis or secretion, since insulin regulation is unaffected by loss of p70 s6k1 . On the other hand, phosphorylation of eIF2α on Ser 51 by the kinase gene Perk is thought to play an important role in insulin mRNA translation.
ried out to complete the picture. Given the complexity of generating knockouts of the three Akt isoforms, I suggest a less squeamish attitude toward dominant negative Akt mutants, a reagent many authors have been loath to use, in view of the vagaries of measuring their effectiveness.
In contrast to mutations affecting the components of the Irs-2→ Akt→p70 s6k1 axis, which do not perturb glucose sensing or insulin production, mutations of the Insulin Receptor (13) and Irs1 (14) genes impair insulin synthesis and secretion by a phosphatidylinositol 3-kinase−dependent (PI 3-kinase−dependent) pathway (15) . These data suggest that signals regulating β cell growth and those regulating insulin secretion diverge downstream of PI 3-kinase, as suggested for insulin effects on gene expression (16) (Figure 1 ). The distal effectors of the metabolic stimulus/secretion coupling comprise the eukaryotic translation initiation factor 2α (eIF2α) (17) and its kinase Perk (18) . It will be of the utmost interest to determine whether there exists a link between these two sensing mechanisms.
Outstanding questions
This brief survey raises two questions: What activates Akt and what does Akt activate? The latter question is easier to address. Genetic evidence available thus far indicates that multiple Akt substrates are involved in regulating various aspects of β cell function. p70 s6k1 is one of them, but the phenotype of p70 s6k1-/-mice is considerably milder than that of Irs2 -/-mice. Thus, if all the effects of Irs-2 are mediated through Akt, there must be additional players, which are likely to include effectors of the apoptotic cascade, transcription factors, and additional kinases.
The factors that drive β cell proliferation and function under normal or pathological conditions are still unknown. Available data indicate that there exists a plethora of β cell growth factors acting in a genetically heterogeneous and presumably oligogenic fashion (19) . My own speculation is that insulin represents the main promoter of β cell neogenesis and that it acts through a paracrine mechanism. As a result of the anatomical association between ducts and islets (20) , minute amounts of insulin are released into pancreatic ducts (21) , where they can potentially engage insulin-sensitive progenitor cells to differentiate into β cells. If the supply of progenitor cells were genetically limited -in much the same way, for example, as primary ovarian follicles are -insulin resistance would cause diabetes by hastening its depletion. Thus, the two primary causes of type 2 diabetes, insulin resistance and β cell failure, should no longer be viewed as two pathogenetically distinct phenomena, but rather as different facets of the same molecular defect.
Regardless of its mechanisms, the emerging role of tyrosine kinases underscores at once the daunting complexity of β cell physiology and the potential for new approaches to β cell replacement in type 1 diabetes and to propping up faltering β cell function in type 2 diabetes.
